Introduction
============

Presbyopia affects approximately 1 billion individuals worldwide, with projections of increasing prevalence alongside an aging population.[@b1-opth-12-1931],[@b2-opth-12-1931] In recent years, corneal inlays, such as the KAMRA small-aperture inlay (AcuFocus, Irvine, CA, USA), have become alternatives to monovision and spectacle correction for the treatment of presbyopia.

Food and Drug Administration (FDA) clinical studies and independent literature have shown KAMRA to have a good safety, efficacy, and stability profile in a majority of patients.[@b3-opth-12-1931]--[@b7-opth-12-1931] However, 73% of patients experienced blurred and fluctuating vision beyond 6 months postoperatively in the FDA trials.[@b7-opth-12-1931] Moreover, a total of 8.5% of inlays were explanted \[79.1% of the explants were due to visual complaints: hyperopic shift (55.8%), inadequate visual benefit (16.3%), myopic shift (4.7%), induced cylinder (2.3%)\]. Given that the KAMRA inlay itself does not possess any refractive power, it is important to determine a mechanism of these refractive changes, beyond expected transient visual fluctuations related to surgery and postoperative drugs.

Previous reports have suggested that poor visual results following KAMRA implantation may correlate with a localized region of corneal steepening directly over the inlay body, as well as corneal flattening over the aperture, along with corneal haze.[@b8-opth-12-1931],[@b9-opth-12-1931] These previous studies do not support a causal link between the observed pattern of steepening and the visual changes. This is the first study to our knowledge that simultaneously describes longitudinal visual, keratometric, and topographic changes following KAMRA inlay implantation in a large patient cohort.

Methods
=======

A total of 65 emmetropic patients aged 45--60 years underwent KAMRA corneal inlay implantation for the correction of presbyopia between November and December 2009. The study was approved by the Hoopes, Durrie, Rivera (HDR) Research Review Board (Draper, Utah), and all data were collected in accordance with the tenets of the Declaration of Helsinki from patients who provided written informed consent to have their data used for research purposes. Inclusion in this study was contingent upon a diagnosis of presbyopia, preoperative spherical equivalents between −0.75 D and 0.50 D with \<0.75 D of refractive cylinder, uncorrected near visual acuity (UNVA) between 20/40 and 20/100 in the treatment eye, and a required reading addition of +1.00 D to +2.50 D. Patients with abnormal topography, severe dry eye syndrome, active infection, herpetic eye complications, keratoconus, uncontrolled glaucoma, uncontrolled diabetes, active autoimmune disease, or connective tissue disease were excluded from this study.

Assessments were performed preoperatively and at 1, 3, 6, 12, 24, and 36 months postoperatively for all 50 eyes. UNVA and uncorrected distance visual acuity (UDVA) were obtained with the Optec 6500 vision tester (Stereo Optical Inc., Chicago, IL, USA). Subjective refractions were obtained by the same optometrist (SHL). Steep and flat keratometry magnitudes and axes were established using the Pentacam HR Tomography (Oculus, Wetzler, Germany). Mean keratometry (Km) denotes the average of the steep and flat corneal powers. Instantaneous (tangential) steepness maps were acquired with the RT-7000 Auto Ref-Topographer (Tomey Corporation, Nagoya, Japan).

Surgical technique
------------------

All surgeries were performed at a single site. The KAMRA inlay device used in this study has been previously described in detail.[@b10-opth-12-1931] Inlays were implanted in an intrastromal pocket that was created with a 150 kHz IntraLase femtosecond laser with a spot energy of 0.55--0.75 μJ/pulse and a spot/line separation of 4/4 μm (iFS; Abbott Medical Optics Inc., Santa Ana, CA, USA). Pocket parameters were as follows: corneal depth of 210 μm, channel width of 4.7 mm, and a side-cut radius of 5.66 mm. All side cuts were placed temporally. Inlays were centered on the Purkinje reflex when the reflex was ≥300 μm from the pupil center and halfway between the pupil center and Purkinje reflex if the separation was \>300 μm. Postoperative care included a topical fluoro-quinolone and Pred Forte (prednisolone acetate 1.0%) four times daily for the first week followed by a 3-week taper. Preservative-free artificial tears were prescribed hourly for the first month and bottled tears every 2 to 3 hours for the following 2 months.

Vector analysis
---------------

Changes in corneal (keratometric) and refractive (manifest) astigmatism between successive postoperative time points and between the beginning and end of the follow-up period were computed using Alpins vector analysis software written in MATLAB (MathWorks Inc., Natick, MA, USA).[@b11-opth-12-1931] Prior to Alpins analysis, all astigmatism measurements were transformed into positive cylinder notation. The Alpins method has been previously well described. In brief, changes in astigmatism can be represented as a vector that describes the magnitude and direction of astigmatic change between any two time points. The vector change before and after a surgical event is specifically referred to as the surgically induced astigmatism (SIA). The magnitude of the corneal astigmatism vector is described by the difference between the steep and flat keratometry readings (K2--K1), and the axis corresponds to the steep keratometric axis. Corneal astigmatism refers solely to the anterior corneal surface, whereas refractive astigmatism includes the contributions of the posterior cornea and crystalline lens to overall astigmatism.

Two definitions of the mean SIA vector are used in this article -- the arithmetic vector mean and the summated vector mean. The arithmetic vector mean is the average of all SIA vector magnitudes without respect to direction, whereas the summated mean is computed as the head-to-tail sum of SIA vectors. Astigmatism and SIA vectors were plotted in polar coordinates for left and right eyes separately to account for temporal incision placement at 0° and 180°, respectively. The arithmetic mean SIA is described for the entire patient population without stratification into left and right eye groups due to the fact that it is not dependent on vector direction.

Statistical analysis
--------------------

Statistical analyses were performed using SPSS software (version 24.0; SPSS Inc., Chicago, IL, USA). Km and manifest refractive spherical equivalent (MRSE) data were tested for normality using a Kolmogorov--Smirnov test to justify the use of paired Student's *t*-tests with Bonferroni correction for multiple tests. Statistical significance was determined by a *P*-value \<0.008. The Pearson product-moment test was used for correlation analysis.

Results
=======

Twelve patients were lost to follow-up and three patients were excluded due to lack of postoperative data. Of the 50 eyes included in this prospective study, 37 (74%) were those of female and 13 (26%) male. Preoperative patient demographics are summarized in [Table 1](#t1-opth-12-1931){ref-type="table"}. This study comprises 50 mean MRSE and Km values for the 50 study eyes that are summarized in [Table 2](#t2-opth-12-1931){ref-type="table"}. MRSE trended significantly toward myopia (*t*=4.138, *P*\<0.0001) in the first postoperative month before undergoing a significant hyperopic shift between 1 and 3 months (*t*=−3.197, *P*=0.002) ([Figure 1](#f1-opth-12-1931){ref-type="fig"}). Consistent, but not statistically significant hyperopic shifts occurred in each postoperative interval prior to a minor myopic shift between 24 and 36 months. Overall, study eyes were significantly hyperopic with respect to baseline by 24 months (*t*=−2.895, *P*=0.006). Although statistically insignificant when measured in the group as a whole, by 36 months, 27/50 (54%) of eyes exhibited some degree of hyperopic shift from baseline, with 13/27 (48%) of these changes being clinically significant (≥0.5 D). By contrast, 20/50 (40%) of eyes had some degree of myopic shift from baseline, with 7/20 (35%) being clinically significant. Additionally, 10/20 (50%) of the eyes with an overall myopic shift experienced a clinically significant hyperopic shift at some point during the follow-up period; 3/50 (0.6%) of eyes experienced no net change in MRSE by 36 months ([Figure 2](#f2-opth-12-1931){ref-type="fig"}). Of note, 86% of patients had UNVA of 20/32 or better and 88% UDVA of 20/25 or better at 36 months.

Km significantly steepened in the first postoperative month (*t*=6.544, *P*\<0.0001), continued to steepen at all postoperative intervals prior to 12 months, and then flattened, albeit without statistical significance between 12 and 24 months (*t*=2.008, *P*=0.05) ([Figure 3](#f3-opth-12-1931){ref-type="fig"}). Overall, Km was significantly elevated at all time points with respect to baseline. The average change in Km with respect to baseline was 0.23±0.332 D (range −0.3 D to 1.4 D) at 36 months ([Figure 4](#f4-opth-12-1931){ref-type="fig"}).

Longitudinal corneal topography showed a recurrent pattern of steepening over the annulus of the inlay with simultaneous flattening over the aperture in many study subjects (representative sample shown in [Figure 5](#f5-opth-12-1931){ref-type="fig"}). In general, myopic regression following a period of hyperopic shift was accompanied by disappearance of this ring-like topographical pattern, as is shown for a single patient in [Figure 6](#f6-opth-12-1931){ref-type="fig"}. Two patients with pronounced myopic shift showed an inverse pattern on corneal topography wherein corneal steepening occurred centrally and corneal flattening occurred peripherally as exemplified in [Figure 7A](#f7-opth-12-1931){ref-type="fig"}. Central steepening was associated with myopic shift, whereas annular steepening was associated with hyperopic shift ([Figure 7B](#f7-opth-12-1931){ref-type="fig"}).

Vector analysis
---------------

The mean keratometric and manifest SIA vector magnitudes between the preoperative and 36-month time points for the entire surgical cohort were 0.52 D±0.31 (range 0.10 to 1.70) and 0.66 D±0.44 (range 0.11 to 1.96), respectively. [Table 3](#t3-opth-12-1931){ref-type="table"} shows the summated mean SIA vectors for all consecutive postoperative intervals as determined by vector analysis. Overall, keratometric SIA was largest in the first postoperative month and became relatively stable thereafter. There was an induction of 0.35 D of keratometric astigmatism directed at 70° for left eye implants and 0.28 D of astigmatism directed at 100° for right eye implants by 36 months. Similarly, surgically induced manifest cylinder was 0.42 D at 89° among the left eye cohort and 0.35 D at 106° in the right eye cohort by 36 months ([Table 3](#t3-opth-12-1931){ref-type="table"}). Qualitatively, this represents an increase in corneal steepness at an axis similar to the mean preoperative astigmatism, as is visually represented in [Figure 8](#f8-opth-12-1931){ref-type="fig"}. Keratometric and manifest SIA were not significantly different (*P*=0.078) or correlated during this period (*R*^2^=0.001).

Discussion
==========

As expected, our results demonstrated an inverse relation between Km and MRSE during the first postoperative month. Early myopic shifts associated with transient fluid swelling, elevated stromal extracellular matrix production,[@b12-opth-12-1931],[@b13-opth-12-1931] increased intraocular pressure with postoperative steroid use,[@b14-opth-12-1931] and corneal biomechanical changes are documented after surgical perturbation of the cornea.[@b15-opth-12-1931],[@b16-opth-12-1931] Increase in Km is a consequence of these suspected mechanisms of myopic shift.

After the first postoperative month, our results indicated a steady increase in Km from baseline alongside a hyperopic shift. Corneal topography showed annular steepening that occurred over the inlay body, and flattening over the inlay aperture, which includes the visual axis. It appears that this pattern caused the observed hyperopic shift. During the 36-month period, none of the eyes developed haze or scar formation to explain the corresponding hyperopic shift. Of note, two of the patients demonstrated an inverse pattern, with central steepening and peripheral flattening, with a corresponding myopic shift ([Figure 4](#f4-opth-12-1931){ref-type="fig"}). Such pattern of epithelial and/or stromal remodeling was quite unique to these two patients, and we do not have a good explanation for it.

Similar ring topography patterns following KAMRA implantation have been described.[@b8-opth-12-1931],[@b9-opth-12-1931] Abbouda et al performed a prospective confocal microscopy study of 12 patients implanted with three models of the KAMRA inlay (ACI7000, seven cases; ACI7000T, one case; and ACI7000PDT, four cases). Concurrent keratocyte activation and decreased keratocyte density were noted around and above the inlay at 6 months. Four patients in the microscopy cohort required explant of their inlays (ACI7000, three patients; ACI7000T, one patient). A ring topography pattern similar to that observed in our study was seen in all explant patients. Annular steepening was not shown to be associated with hyperopic shift in that study, and the mean MRSE of explanted patients was −0.1±1.0 D (range 0 to −1.75). Although limited by sample size, no newer ACI7000PDT inlays were removed, suggesting an inverse association between lower inlay porosity and higher stromal keratocyte activity.[@b8-opth-12-1931] Dexl et al noted a wound healing response in some patients characterized by steepening over the inlay and flattening over the aperture with a hyperopic shift similar to that seen in this study. However, the implanted inlay was a different model (ACI7000) and thicker than the one used in this study (ACI7000PDT). Moreover, it was implanted under a flap instead of an intrastromal pocket and was implanted at a shallower depth (170 vs 210 μm).[@b9-opth-12-1931]

Beyond altering the satisfaction of inlay patients, the decoupling of keratometry and MRSE observed in our study may impact subsequent surgical interventions, such as cataract surgery. In many patients with notable ring steepening, the steepness over the visual axis was often misrepresented by the tomographer-reported Km by approximately 1 D due to the inclusion of the annular steepening pattern over the inlay body. When elevated keratometry parameters are used as inputs to intraocular lens (IOL) prediction formulas, such as the Barrett Universal II Formula or the Hill RBF, the suggested IOL power may change significantly (≥1.0 D). Tan et al evaluated visual outcomes in two patients with a history of KAMRA inlay implantation who underwent biometry calculations and phacoemulsification surgery with the KAMRA inlay in place.[@b17-opth-12-1931] Each patient had good IOL power predictability using the SRK/T formula with post-KAMRA biometry values as inputs, despite topographic evidence of mild ring steepening. The predicted power calculations differed from the actual power by +0.34 D and −0.05 D.[@b17-opth-12-1931] Additional cases of cataract surgeries after inlay implantation have been reported.[@b18-opth-12-1931] In these cases, the Holladay 1 and SRK/T formulas were accurate in calculating the IOL power. The difference in target and achieved IOL power for these three cases was +0.675 D, +0.10 D, and +0.19 D.[@b18-opth-12-1931] These cases show that the increased Km from the KAMRA inlay may affect the IOL calculations and target IOL power. Given that four of the cases were slightly hyperopic compared with the target refraction postoperatively, increasing the target IOL power by 0.25 or 0.50 D is recommended or justifiable in patients with a history of KAMRA inlay.

Per FDA requirements to demonstrate biocompatibility, the KAMRA inlay has been shown to be noncytotoxic, non-sensitizing, nonirritating, nongenotoxic, and nonmutagenic in cellular assays.[@b7-opth-12-1931] However, the smoldering keratocyte response as evidenced by persistent haze in many subjects in confocal studies[@b8-opth-12-1931] suggests that the human cornea may never fully adapt to the long-term presence of the inlay. In one study, cellular apoptosis and CD11b+ levels in rabbits implanted with KAMRA inlays have been shown to be significantly elevated in the immediate postoperative period (24--48 hours) compared with control corneas subjected only to femtosecond laser pocket creation. By 6 weeks, apoptosis and CD11b+ levels were equivalent between the two groups.[@b19-opth-12-1931] Long-term analyses of keratocyte distress in the peri-KAMRA stroma should be performed, given that topographical ring formation and associated clinically significant visual changes often did not emerge until beyond 12 months in this study.

Induction of corneal or refractive astigmatism as a result of inlay implantation appeared to be clinically unremarkable and congruent with the coupling effect of a temporal incision, in that steepening occurred in the vertical meridian. Vector analysis was performed in order to determine whether induced astigmatism was directionally biased due to the presence of the KAMRA inlay. The results demonstrated that there was no significant induction of astigmatism in any meridian, although stromal remodeling may occur in response to the presence of the inlay. Furthermore, if the KAMRA inlay were to induce a clinically significant amount of astigmatism, we would expect it to be correlated to the refractive astigmatism, and it was not.

Conclusion
==========

From the long-term data in this study, we conclude that longitudinal keratometric and topographic changes may occur following small-aperture corneal inlay implantation, resulting in refractive shifts. These shifts may affect subsequent procedures, such as cataract surgery. Some patients may need subsequent treatments after KAMRA inlay, such as photo refractive keratectomy, for the correction of these refractive shifts.
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![Change in MRSE between postoperative time points for the entire patient cohort.\
**Note:** \*Statistically significant change.\
**Abbreviations:** MRSE, manifest refractive spherical equivalent; preop, preoperative.](opth-12-1931Fig1){#f1-opth-12-1931}

![Change in MRSE with respect to baseline MRSE for all postoperative follow-up time points.\
**Note:** \*Statistically significant change.\
**Abbreviation:** MRSE, manifest refractive spherical equivalent.](opth-12-1931Fig2){#f2-opth-12-1931}

![Change in Km between postoperative time points for the entire patient cohort.\
**Note:** \*Statistically significant change.\
**Abbreviations:** Km, mean keratometry; preop, preoperative.](opth-12-1931Fig3){#f3-opth-12-1931}

![Change in Km with respect to baseline Km for all postoperative follow-up time points.\
**Note:** \*Statistically significant change.\
**Abbreviation:** Km, mean keratometry.](opth-12-1931Fig4){#f4-opth-12-1931}

![Demonstration of topographic pattern of annular steepening with central flattening occurring over the 36-month follow-up period with a corresponding hyperopic shift in four patients (\#1--4).](opth-12-1931Fig5){#f5-opth-12-1931}

![Longitudinal corneal topographic changes associated with MRSE changes in a single patient. Pronounced correlation of topographic "ring" disappearance and myopic regression in late postoperative interval.\
**Note:** The inset images represent the corneal topographical changes at the corresponding 3, 6, 12, and 36 postop months.\
**Abbreviations:** MRSE, manifest refractive spherical equivalent; postop, postoperative; preop, preoperative.](opth-12-1931Fig6){#f6-opth-12-1931}

![(**A**) Central steepening and annular flattening topography at 36 months in a patient with significant myopic shift. (**B**) Central flattening and annular steepening topography at 36 months in a patient with significant hyperopic shift.](opth-12-1931Fig7){#f7-opth-12-1931}

![Depictions of corneal astigmatisms and axis for left and right eyes in vector format.\
**Notes:** (**A**) Red line shows mean corneal astigmatism in corresponding axis preoperatively for left eyes; (**B**) red line shows mean corneal astigmatism in corresponding axis at 36 months postoperatively for left eyes; (**C**) red line shows mean corneal astigmatism in corresponding axis preoperatively for right eyes; (**D**) red line shows mean corneal astigmatism in corresponding axis at 36 months postoperatively for right eyes.\
**Abbreviation:** preop, preoperative.](opth-12-1931Fig8){#f8-opth-12-1931}

###### 

Demographics of the study population

  Characteristics         Mean±SD, number, range
  ----------------------- --------------------------------------
  Age (years)             51.6±3.7 (range 46 to 59)
  Gender (female:male)    37:13
  MRSE (D)                −0.018±0.229 (range −0.375 to 0.375)
  Manifest cylinder (D)   0.285±0.223 (range 0 to 0.75)
  LogMAR UDVA             0.05±0.09 (range 0.00 to 0.40)
  LogMAR UNVA             0.56±0.07 (range 0.2 to 0.6)

**Abbreviations:** MRSE, manifest refractive spherical equivalent; UDVA, uncorrected distance visual acuity; UNVA, uncorrected near visual acuity.

###### 

Mean MRSE and Km values for postoperative time points

  Time point     Mean±SD MRSE   Mean±SD Km   Kmin    Kmax
  -------------- -------------- ------------ ------- -------
  Preoperative   −0.018±0.229   43.84±1.32   41.20   46.10
  1 month        −0.197±0.363   44.08±1.29   41.60   46.40
  3 months       0.038±0.582    44.14±1.43   41.50   48.20
  6 months       0.090±0.501    44.16±1.33   41.60   46.50
  12 months      0.150±0.444    44.21±1.36   41.50   46.70
  24 months      0.204±0.566    44.12±1.42   41.10   46.90
  36 months      0.130±0.623    44.07±1.35   42.40   46.70

**Abbreviations:** Km, mean keratometry; Kmax, maximum keratometry; Kmin, minimum keratometry; MRSE, manifest refractive spherical equivalent.

###### 

SIA between postoperative time points

  Postoperative interval   Summated mean SIA vector (D)                           
  ------------------------ ------------------------------ ----------- ----------- -----------
  Preop--36 months         0.35×70°                       0.28×100°   0.42×89°    0.35×106°
  Preop--1 month           0.22×77°                       0.26×98°    0.22×91°    0.08×87°
  1 month--3 months        0.11×77°                       0.11×115°   0.06×54°    0.10×120°
  3 months--6 months       0.04×55°                       0.15×56°    0.08×79°    0.14×23°
  6 months--12 months      0.10×180°                      0.12×161°   0.03×140°   0.03×28°
  12 months--24 months     0.11×88°                       0.08×147°   0.17×158°   0.10×100°
  24 months--36 months     0.07×21°                       0.08×50°    0.16×88°    0.27×114°

**Abbreviations:** preop, preoperative; SIA, surgically induced astigmatism.
